Motile cilia are found on the epithelial surface of the upper and lower respiratory airway systems, the brain ependyma and fallopian tubes. Their core structure (axoneme), shared with sperm flagella, comprises nine peripheral outer doublet microtubules surrounding a central microtubular pair ('9+2' arrangement), except in the case of motile embryonic node cilia that lack the central pair ('9+0'). Microtubule-associated protein complexes are attached along its length at regularly repeating intervals, which contribute to axonemal stability and the coordinated beating movement of cilia/flagella. These include paired inner and outer dynein arms (IDA and ODA) dynein motor protein complexes that provide the ATP-driven force for self-propagating axonemal beating, in addition to radial spoke complexes and nexin-dynein regulatory complexes [1] . In the biflagellate alga Chlamydomonas, a wellestablished model organism for human ciliary motility research because of its highly similar axonemal structure, the outer dynein arms are preassembled in the cytoplasm, transported to the axoneme, and then attached to the axonemal microtubules via outer dynein arm docking complexes [2, 3] .
Primary ciliary dyskinesia (PCD [MIM 244400]) is a recessively inherited ciliary disorder affecting an estimated 1 per 15,000-30,000 live births, with an increased disease frequency in some isolated and inbred populations [4] [5] [6] [7] [8] . In PCD, abnormal cilia/flagella motility leads to a number of symptoms. Ineffective mucociliary clearance caused by respiratory epithelial cilia dysmotility gives rise to chronic, destructive upper and lower airway disease manifesting with recurrent respiratory infections, chronic sinusitis and otitis media, usually evident from the first year of life and progressing to permanent lung damage (bronchiectasis) [4, 9] . Individuals affected by PCD are often subfertile, occasionally manifest hydrocephalus, and their left-right axis determination is randomized with about half having situs abnormalities (Kartagener syndrome [combined PCD and situs inversus] [MIM 270100]) resulting from embryonic node cilia dysfunction during development [10, 11] . This causes complex malformations in ~6% of cases, often associated with congenital heart disease [12] [13] [14] .
PCD is genetically heterogeneous and associated with a variety of axonemal ultrastructural defects. Mutations causing PCD have been defined in 17 genes, in addition to RPGR (MIM 312610), which causes syndromic disease [15] . Loss of the outer dynein arms is the commonest ciliary defect observed in PCD (>65% of cases), caused by mutations in ODA components (DNAH5 [ [3, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] ]. An exception is DNAH11 (MIM 603339), which encodes an ODA protein but is associated with a normal ultrastructure [27, 28] [29] [30] [31] [32] .
Here, we first sought to identify the genetic defect in PCD-affected families from Volendam, a single fishing village in North Holland that has been genetically isolated for geographic and religious reasons since the 15 th century [33] . This genetic bottleneck effect has increased by 50 or 100-fold the risk of PCD to at least 1 per 400, as shown by the fact that we have recorded >56 individuals (among the current population of approximately 22,000) affected by PCD in Volendam who are registered at family physicians. The carrier frequency of the mutation in this population can thus be estimated at 1 in 10. For genetic studies, signed and informed consent was obtained from all participants according to protocols approved by the institutional ethics review boards. We used genomic DNA isolated from peripheral blood samples from a total of eight Volendam families. PCD-01 is a large multigeneration family with 8 affected individuals which was shown from genealogical studies using available church records to originate from three ancestral marriages, with extensive inbreeding throughout the subsequent generations ( figure 1A ). The seven other families included 8 affected individuals (PCD-02 to PCD-08, figure 1A ). These families were not aware of immediate blood connections to each other, but surnames were shared among the family of PCD-01 III:8 and three of the smaller families, suggesting that historical relationships do exist.
All 16 individuals affected with PCD from Volendam share a similar disease course including typical PCD symptoms of early neonatal respiratory symptoms (cough, increased mucus production and shortness of breath), pneumonia, and/or atelectasis (partial lung collapse) ( One male affected individual homozygous for the mutation with children underwent fertility testing in the past, but it showed a normal sperm count and motility; paternity was confirmed by marker analysis (Powerplex system, Promega). We performed exome sequencing at the Wellcome Trust Sanger Institute (Cambridge, UK) as part of the UK10K project in two distantly related affected individuals from the extended Volendam pedigree: PCD-01 III:3 and PCD-01 III:8 ( figure 1 ). Approximately 3µg of genomic DNA was sheared to 100-400bp by sonication (Covaris). Fragments were subjected to Illumina paired-end DNA library preparation and enriched for target sequences (Agilent SureSelect All Exon 50Mb kit) which were sequenced with 75bp paired-end reads on the HiSeq platform (Illumina). Sequencing reads that failed QC were removed with the Illumina GA Pipeline, and the rest were aligned to the reference human genome (GRCh37) by BWA (v0.5.9-r16). GATK (v1.1.5) was used to realign around known indels from the 1000 Genomes project and recalibrate base quality scores [34] . Alignments for a single sample were merged and duplicates marked. Variants were called per-sample using both SAMtools (v0.1.17) and GATK UnifiedGenotyper (v1.1.5), filtered on variant quality metrics separately, and the resulting data sets were merged. More than 6.60Gb of sequence was generated per sample, such that >77% of the target exome in both cases was present at greater than 20-fold coverage (table S2.1 available online).
Analysis of the exome variant profiles was performed using EVAR software tool vs 0.2.2 beta. We filtered variants for novelty by comparing them to 181 UK10K non-PCD exomes and by excluding those that were present in the 1000 Genomes Project polymorphism database with a minor allele frequency >0.005 [34] . Because the Volendam population is isolated and the PCD-01 III:3 individual is the offspring of a consanguineous marriage, we followed a model of rare autosomal-recessive inheritance. Therefore we focused on homozygous nonsynonymous and splice-site substitutions and indels that were shared by both members of the extended pedigree. This revealed CCDC114 (RefSeq accession number NM_144577.3) as the only gene harbouring low-frequency variants meeting this criteria that were compatible with recessive inheritance (table S2. 2).
CCDC114, located on chromosome 19q13.3, represented an excellent functional candidate, being the human gene orthologous to Chlamydomonas DCC2, which encodes an axonemal outer dynein arm microtubule-docking complex subunit [35] . Furthermore, in situ hybridization images of mouse embryos generated as part of the Eurexpress project and available within the Mouse Genome Informatics pages showed a strong pattern of gene expression in motile ciliated tissues, including the nasal cavity epithelium and brain ventricles [36] . Both affected Volendam individuals were homozygous for a c.742G>A substitution affecting the final G nucleotide of CCDC114 exon 7, one of the consensus splice donor bases essential to the mRNA splicing machinery. This base change is therefore predicted to cause a frameshift in the CCDC114 protein resulting from loss of the conserved donor splice site. The c.742G>A substitution is also predicted to create a missense change p.Ala248Thr, but the p.Ala248 amino acid is not well conserved across species and the missense change was predicted to be nondeleterious to protein structure according to programs that assess nonsynonymous SNPs (Polyphen-2, SIFT). We therefore concluded that the putative splicing defect predicted by this substitution was the more likely mutation mechanism.
The c.742G>A variant was confirmed by capillary sequencing (figure S2.1). Segregation analysis of the c.742G>A substitution in all available members of the PCD-01 pedigree confirmed the recessive inheritance of the variant ( figure 1A ). The same variant was then confirmed to segregate with disease in all available Volendam pedigrees, PCD-02 to PCD-08 ( figure 1A ). In total, all 16 affected Volendam individuals carry the c.742G>A variant as a homozygous change. This variant is reported in dbSNP v135 to be present at a very low frequency in heterozygous state in European descent controls from the NHLBI Exome Variant Server (rs147718607). The A allele is present at a frequency of less than 1 in 3,200 alleles, well below DNA polymorphism levels because the homozygous genotype would be extremely rare: this variant frequency would give a prevalence of homozygous cases of less than 1 in 40,000,000 (10 7 ).
We proceeded to sequence the CCDC114 exons and flanking intronic regions in a larger cohort of 44 individuals affected with PCD resulting from ODA and combined ODA/IDA defects (primers listed in table S2.3). Signed and informed consent was obtained from all participants according to protocols approved by the institutional ethics review boards. Mutational analysis resulted in the identification of an additional homozygous splice site variant, c.486+1G>A, in one UK family, PCD-09 (figure S2.1). This substitution affects the CCDC114 exon 5 consensus splice donor site, predicted to cause a frameshift in the CCDC114 protein product. This individual's disease was consistent with the Volendam cases, with typical features of PCD including bronchiectasis requiring lobectomy (table 1) . The affected individual PCD-09 II:1 has situs inversus with congenital heart disease and had children with no reported fertility problems. Segregation analysis in PCD-09 family members confirmed a consistent recessive pattern of inheritance ( figure 1A) . The c.486+1G>A variant was absent from all the control sequence databases (dbSNP v135, 1000 Genomes Project, NHLBI Exome Variant Server).
We next used RNA isolated from ciliated cells of affected individuals and controls to assess the functional impact of the two CCDC114 splice donor site mutations. Nasal brushings or curette biopsies were obtained from PCD-02 II:2 (c.742G>A homozygote) and PCD-09 II:1 (c.486+1G>A homozygote) and healthy volunteers. For PCD-02 II:2, the RNA was isolated from the cells after culture in standard conditions and for PCD-09 II:1 the RNA was isolated from noncultured cells [37] . RNA was extracted from the cells using A larger RT-PCR product size was amplified from the PCD-02 II:2 c.742G>A Volendam individual, compared to controls ( figure S2.2) . Sequence analysis revealed an intronic insertion of 79 basepairs after the end of exon 7, shifting the protein reading frame and introducing a novel nonsense codon 52 residues downstream (p.Ala248Thrfs52*). Mutation prediction software (Alamut) suggests that this aberrant message is generated through utilisation of a cryptic splice donor site downstream of the mutated site, within intron 7 ( figure 2A) . Furthermore, incubation with 0.1 ml of a 50mg/ml ethanol solution of cycloheximide for 4.5 hours according to standard protocols to block protein translation indicated only a limited effect of nonsense-mediated decay on this mutation (figure S2.2). RT-PCR of the PCD-09 II:1 exon 5 c.486+1G>A UK individual's sample yielded no product despite repeated attempts to amplify, although the control had the expected RT-PCR product size; ACTB RT-PCR confirmed amplification of an equivalent product in both, suggesting that CCDC114 gene expression is specifically disrupted (not shown). The aberrant mRNA in PCD-09 II:1 could be difficult to amplify if it contains a large intronic insertion comprising all or part of the large (5,229 bp) intron 5.
By qPCR we were able to investigate the effect of the c.742G>A mutation on CCDC114 expression levels in the Volendam individual, PCD-02 II:2, by using a Roche Lightcycler to quantify mRNA in nasal epithelial cells cultured from PCD-02 II:2 compared to controls. The primers, probe design and method is described in table S2.5, with all gene expression normalized to the housekeeping gene ACTB. CCDC114 ciliary transcript levels were significantly reduced in these actively ciliated cells compared to that of controls, but a low transcript level was retained in the affected individual ( figure 2B ). Thus, although the splicing defect severely abrogates gene expression, these data do not exclude the possibility of some remnant functional expression of CCDC114 transcripts.
High speed video imaging of respiratory epithelial cells demonstrated the effect of CCDC114 deficiency on ciliary beat frequency, as well as amplitude and coordination of movement (Bassler A602F-2 camera and Image Pro software, and as previously described [38] ). Both c.742G>A (movie S1) and c.486+1G>A (movie S3) epithelia compared to normal controls filmed in identical conditions (movies S2 and S4 respectively) showed abnormal ciliary motility comprising large areas of static cilia, with occasionally 1-2 cilia having a twitching or flickering movement that was stiff, slow and ineffective for mucus transport across the epithelial surface. individual's cDNA, located between the mutation substitution site (green arrow) and the presumed intronic cryptic splice site (pink arrow). The sequence shows no indication of use of the regular splice donor site. The inclusion of 79 bases leads to a frameshift and a premature stop codon in exon 8 after addition of 52 novel amino acids, at the in-frame TAA codon indicated by the red box with arrow. B. Relative expression levels (normalized to ACTB) of CCDC114, CCDC63 and DNAH5 in mRNA from testis and cultured nasal epithelial cells from controls or from Volendam PCD-02 II:2, assessed by qPCR using a Roche Lightcycler as described in Table S2 .5. CCDC114 is expressed at higher levels in cilia-producing cells compared to testis whereas CCDC63 is expressed highly in testis with no detectable expression in cilia-producing cells. In addition, CCDC114 and DNAH5 levels are both reduced in cilia from the Volendam affected individual compared to control. The means ± SEM from triplicate repeat experiments are shown. C. Location of the Volendam and UK splicesite mutations in the intron-exon structure shown above, and in a model of the CCDC114 protein shown below. Black boxes indicate coding exons, white boxes noncoding exons. The green boxes indicate coiledcoil domains as detected by Paircoil2 run with a minimum window size of 28. Homology was also detected identifying an SMC (structural maintenance of chromosomes protein) domain in CCDC114 indicated by the blue box (SMC_prok_B TIGR02168), and a putative prokaryotic phosphodiesterase domain indicated by the orange box (PRK12704).
This is consistent with findings in other PCD individuals lacking the ODAs (with or without accompanying IDA loss) [39, 40] . Transmission electron microscopy of respiratory cilia crosssections showed that all CCDC114 mutant samples shared a common ciliary ultrastructural defect, a loss of the outer dynein arms (ODA) ( figure 3A ). This is consistent with EM findings in the Chlamydomonas strain oda1 carrying null mutations in the CCDC114 ortholog DCC2 [41] . Interestingly, despite this lack of ODAs, the flagella of the Chlamydomonas oda1 strain retain some ability to beat; however, they beat slowly and without the correct effective waveform [42] . This species difference when ODA components are deficient has been reported before [2] .
The Chlamydomonas ortholog of CCDC114 (DCC2/ODA1) is a component of the ODA docking complex (ODA-DC) required for the assembly of ODAs onto the flagella peripheral doublet microtubules [35] . In Chlamydomonas, ODA-DCs are transported and assembled onto the peripheral microtubules independently from the ODAs that attach to them, and the ODAs cannot attach in their absence [43] . In oda1 DCC2-null mutant strains, ODA-DCs are not assembled onto the axoneme's microtubules, and consequently neither are the ODAs [43] . We modelled the comparative protein structure of CCDC114 to investigate the potential functional impact of the identified splice site mutations. CCDC114, like Chlamydomonas DCC2, has three coiled-coil domains ( figure 2C ). Mutations in coiled-coil domain proteins are already associated with PCD, playing an important role in axonemal organization and cilia ultrastructure [24, 30, 31] . Coiled-coils were proposed as likely to be important for interactions between DCC2 and other docking complex subunits, and the domain between the second and third DCC2 coiled-coil domain was also proposed to participate in protein-protein interactions [35] . A conserved Structural Maintenance of Chromosomes (SMC) domain was also detected in CCDC114, similar to those identified to play a role in microtubule-based ciliary transport processes in the PCD-associated proteins CCDC39 and CCDC40 [30] . The c.742G>A and c.486+1G>A mutations would lead to the lack of either one or two critical coiled-coil domains, with apparently similarly deleterious consequences ( figure 2C ). splice donor mutations, respectively. All nine peripheral doublets showed loss and reduction of the outer dynein arms (arrows) compared to controls. Scale bar, 100 nm. B. Subcellular localization of CCDC114 protein (green) in respiratory epithelial cells via a rabbit polyclonal antibody (Sigma HPA042524). In healthy individuals (top), CCDC114 is localized along the length of the axoneme of the ciliated cells, whereas in both PCD-02 II:2 and PCD-09 II:1, CCDC114 is markedly reduced (middle and bottom). Axoneme-specific anti-acetylated-α-tubulin antibody (Sigma) was used as a control to stain the entire axoneme (red). DNA (blue) was stained using DAPI (Invitrogen). Scale bars represent 10 µm.
To further investigate CCDC114 function, we analyzed protein localisation by highresolution immunofluorescence microscopy in ciliated epithelial cells. In controls, CCDC114 antisera decorates the full length of the cilia (figure 3B), suggesting that its putative role in tethering of outer dynein arms is required along the entire axoneme. Two different classes of ODAs have been defined by Fliegauf et al. at the distal (DNAH5-positive, DNAH9-positive) and proximal (DNAH5-positive, DNAH9-negative) ends of cilia [40] . CCDC114 appears to be a component of ODA docking complexes capable of interacting with both ODA types. In contrast, the individuals carrying c.742G>A and c.486+1G>A mutations had severely reduced levels of CCDC114 along their entire cilia ( figure 3B ). By using well-established diagnostic markers of axoneme integrity developed by the Omran lab, we confirmed by staining with the ODA component DNAH5 that the ODAs along the cilia length are absent in c.742G>A or c.486+1G>A cells, whereas DNALI1 staining confirmed that the IDAs are present and undisturbed (figure S2.3, S2.4) [22] . It is not known whether human ODADCs and ODAs are transported by the same or different mechanisms to the axonemes, but in Chlamydomonas they can be assembled separately in the cytoplasm, and ODAs are assembled in the cytoplasm even without the ODA-DC being present [43] . However, the cells deficient for CCDC114 arising from either mutation did not show any noticeable cytoplasmic accumulation of ODAs by DNAH5 staining, indicating a possible species difference in these pathways (figures S2.3, S2.4). We investigated the expression levels of DNAH5 mRNA by qPCR in cultured ciliated epithelial cells from the Volendam individual PCD-02 II:2 (Roche Lightcycler, table S2.5), normalizing to the housekeeping gene ACTB. There was a reduction in DNAH5 levels in in PCD-02 II:2 compared to control, although this was less marked than the reduced CCDC114 ciliary expression ( figure 2B ). These results are in agreement with the lowered CCDC114 protein expression seen via immunofluorescence; however, the lack of DNAH5 immunofluorescence may reflect enhanced degradation of the DNAH5 protein rather than a lack of its accumulation (figure 3 and S2.3).
Our data suggest a single ancestral CCDC114 mutation c.742G>A underlies all Volendam PCD cases, most probably spread by genetic bottleneck founder effect. This village was founded in 1462 by 20 families who established a settlement after the nearby town of Edam dug a new exit to its sea harbour and dammed up the old exit. These families settled on the "filling dam" land or "Vollendam" and because of their isolated site, the church reformation in the late 16th century passed them without effect. The major religion remains Roman Catholic and even after their geographic isolation has lessened, their religious and social distinctions have kept the Volendam population very isolated into the modern era. A review of the unfiltered UK10 whole exome sequence data, to derive the available SNPs across the CCDC114 locus, shows that the two distantly related individuals carrying the c.742G>A mutation share a 2 megabase haplotype (not shown). This supports the idea that the Volendam mutation was spread within this inbred population from one original founding ancestor, and its small size explains why a single locus was missed in past linkage mapping. In the large PCD-01 pedigree (figure 1), common ancestors are found six to seven generations back, dating to the early 1800s. However, because not all the Volendam families could be connected and this small common haplotype was found to carry the mutation, presumably reduced by ancient meiotic recombination events, this suggests a more advanced age for the shared mutation than the founding of the Volendam village. We found that fertility was not greatly affected amongst individuals carrying CCDC114 mutations. The reasons for this are not clear, but there may be some functional redundancy of CCDC114 in sperm. In Chlamydomonas the ODA-DC consists of the CCDC114 ortholog DCC2/ODA1 and two other proteins, DCC1/ODA3 and DLE3/ODA14 [35] . However, the human ODA-DC seems to be differently structured, because no definitive human homolog can be found for DCC1/ODA3 or DLE3/ODA14. Furthermore, there is a second human protein apart from CCDC114 with significant homology to DCC2: CCDC63, which is 26% identical to CCDC114. CCDC63 is also 21% identical to the Chlamydomonas ODA5 protein that is associated with the axoneme and is required for outer dynein arm assembly but independent from the ODAs and ODA-DCs [45] . Whether CCDC63 plays an orthologous role to DCC2/ CCDC114 or to ODA5 is not yet clear, but CCDC63 represents an excellent candidate gene for an overlapping phenotype to that associated with CCDC114 mutations [2, 46] . The relative levels of CCDC114 and CCDC63 proteins in the axoneme of sperm is not well understood, but available evidence from public expression databases such as Unigene suggests that the CCDC63 transcript is more highly sperm-specific in its expression than CCDC114, and thus it is not impossible that CCDC114 function could be partially replaced by CCDC63 in sperm.
To test this hypothesis we used qPCR (table S2.5) on mRNA from testis (Life Technologies), the source of sperm cells (used because in sperm there is no active transcription), and from cultured nasal epithelial cells that were actively producing cilia. The nasal cells were derived both from controls and also the Volendam individual, PCD-02 II:2. A high expression of CCDC63 was detected in control testis, with no detectable expression in control ciliaproducing cells, even after adding 10 cycles to the qPCR, whereas CCDC114 is expressed at >100 times higher levels in cilia-producing cells compared to testis (figure 2B). Without a testis biopsy from an affected person we cannot exclude the possibility that affected individuals could retain some testis expression of CCDC114; however we can conclude that the level of CCDC63 expression in control testis is comparable to CCDC114 expression in control ciliary cells, and >100 times higher than CCDC114 in testis.
In summary, we report mutations within conserved CCDC114 splice donor sites affecting a total of 17 individuals with PCD, all homozygous for either c.742G>A or c.486+1G>A substitutions, conferring PCD with outer dynein arm loss, cilia immotility and laterality defects including complex cardiac malformations. Recent large-scale studies show the importance of this phenotype, estimating that 65-67% of PCD cases have outer dynein arm deficiencies, either alone (33-43%) or with other structures involved [47, 48] . We reveal that CCDC114 has a highly conserved role in ODA microtubular attachment, with a likely role as an integral protein of the ODA-DC, the loss of which prevents ODAs from binding onto axonemal microtubules. We identified a difference in relative expression levels of CCDC114 that might suggest it has a more prominent role in cilia compared to testis. Identification of the Volendam founder mutation c.742G>A highlights CCDC114 as an important target for future therapeutic intervention, particularly in this at-risk population that has a high prevalence of PCD. 
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